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PRE-OXIDIZATION OF DEFORMABLE ELEMENTS OF MICROSTRUCTURES 

TECHNICAL FIELD OF THE INVENTION 
[0001] The present invention is related generally to the art of microstructures, and, more 
particularly, to processing deformable elements of microelectromechanical devices. 

BACKGROUND OF THE INVENTION 
[0002] Microstructures having deformable elements, such as microelectromechanical 
devices may suffer from device failure when the deformable elements experience plastic 
deformation that exceeds a tolerable amount. For example, a micromirror-based spatial light 
modulator is a type of microelectromechanical device and comprises an array of 
micromirrors. Each micromirror has a mirror plate attached to a hinge such that the mirror 
plate can rotate. In operation, the mirror plate rotates in responses to an electrostatic field, 
and the hinge deforms. Mechanical properties of the deformable hinge and the attachment of 
the hinge to the mirror plate determine the operation of the micromirror and thus, the 
performance of the spatial light modulator. 

[0003] Therefore, a method is desired to process the deformable element of the 
microstructure for reducing the plastic deformation during operation so as to improve the life 
time of the microstructure. 

SUMMARY OF THE INVENTION 
[0010] In view of the forgoing, the present invention teaches a method for processing the 
deformable element of the microstructure for reducing plastic deformation by oxidizing the 
deformable element. The processing method can be performed at different stages of the 
fabrication and packaging process. Specifically, the method can be performed before or after 
patterning of the deformable element during the fabrication. The method can also be 
performed when a portion of the sacrificial layers is removed or after the sacrificial layers are 
fiilly removed. The method can also be implemented after the microstructure has been 
released and before packaging the released microstructure. Moreover, the method of the 
present invention can be performed during the packaging stage but before the package is 
hermetically sealed. 
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[0011] In an embodiment of the invention, a method for processing a deformable element 
of a microstructure is disclosed. The method comprises: deflecting the deformable element to 
a deflected state; and oxidizing the deformable element in an oxygen-containing gas other 
than air while the deformable element is in the deflected state. 

[0012] In another embodiment of the invention, a method of processing a deformable 
element of a microelectromechanical device is disclosed, wherein the deformable element 
exhibits a droop at a natural rest state. The method comprises: oxidizing a material of the 
deformable element equivalent to at least 20 percent in thickness or volume of the deformable 
element by exposing the deformable element in an oxygen-containing gas other than air so as 
to reduce the droop. 

[0013] In yet another embodiment of the invention, a method of making a micromirror 
device is disclosed. The method comprises: providing a substrate; forming a mirror plate and 
hinge on a sacrificial material on the substrate such that the mirror plate is attached to the 
substrate via the hinge; removing the sacrificial material using a vapor phase etchant; and 
oxidizing the hinge in an oxygen-containing gas other than air. 

[0014] In yet another embodiment of the invention, a method of making a micromirror 
device is disclosed. The method comprises: providing a substrate; forming a mirror plate and 
hinge on a sacrificial material on the substrate such that the mirror plate is attached to the 
substrate via hinge; removing a portion of the sacrificial material using a vapor phase etchant 
such that at least a portion of the hinge is exposed; oxidizing the exposed hinge in an oxygen- 
containing gas other than air; and removing the remaining sacrificial material. 
[0015] In yet another embodiment of the invention, a method of making a micromirror 
device, comprising: providing a substrate; depositing a hinge layer and a mirror plate layer on 
a sacrificial material on the substrate; oxidizing and patterning the hinge layer to form an 
oxidized hinge; and removing the sacrificial layer. 

[0016] In yet another embodiment of the invention, a method of making a micromirror 
device is disclosed. The method comprises: providing a substrate; forming a mirror plate and 
hinge on a sacrificial layer on the substrate such that the mirror plate is attached to the 
substrate via the hinge; removing the sacrificial layer; and cleaning and oxidizing the 
micromirror device, further comprising: providing a gas that is an oxygen-containing gas 
other than air, the oxygen-containing gas both cleaning and oxidizing at least a volume 
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equivalent to 25% in thickness of the hinge of the micromirror device; and cleaning the hinge 
using a cleaning agent other than the oxidization gas. 

BRIEF DESCRIPTION OF DRAWINGS 
[0017] While the appended claims set forth the features of the present invention with 
particularity, the invention, together with its objects and advantages, may be best understood 
from the following detailed description taken in conjunction with the accompanying drawings 
of which: 

[0018] FIG. 1 is a portion of a system for processing a microstructure according to the 
invention; 

[0019] FIG. 2a is a perspective of a portion of an exemplary micromirror device having a 
deformable hinge to which a mirror plate is attached; 

[0020] FIG. 2b is a side view of the micromirror device of FIG. 2a showing different 
rotation positions of the mirror plate; 

[0021] FIG. 3 plots the droop angle versus processing time for different samples at different 
processing environments; 

[0022] FIG. 4a is a cross-sectional view of the micromirror device of FIG. 2a during an 
exemplary fabrication process in which an embodiment of the invention may be 
implemented; and 

[0023] FIG. 4b is a cross-sectional view of the micromirror device of FIG. 4a after removal 
of the sacrificial layers. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
[0024] The present invention discloses a method for processing a deformable element of a 
microstructure by oxidizing the deformable element so as to reduce plastic deformation for 
improving the lifetime of the microstructure. 

[0025] Turning to the drawings, FIG. 1 illustrates a portion of a processing system. In 
order to oxidize a deformable element of microstructure 102, the microstructure is placed in 
chamber 100. The chamber may be an oven, an etch chamber in which sacrificial materials 
of the microstructure is removed, or a fabrication chamber in which elements of the 
microstructure are fabricated (e.g. deposited and patterned). The chamber is connected to an 
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oxygen-containing gas source such that the oxygen-containing gas can flow into the chamber 
for oxidizing the deformable element of the microstructure. 

[0026] The oxidation method of the present invention can be employed to oxidize 
deformable elements composed of a variety of materials that are able to be oxidized. 
Specifically, the material of the deformable element may be selected from a group 
comprising: elemental metals, metalloids, metal alloys, intermetallic compounds and 
ceramics. The elemental metal is preferably a late transition metal and selected from a group 
comprising Al, Au, Cu, Pt, Co, Ir, Ti and Nb. The metal alloy comprises two or more 
elemental metals that are preferably later transition metals. Exemplary metal alloys for the 
structural layers are AlSCx and CuBex. Exemplary intermetallic compounds are TixAly, 
NixAly and TixNiy. It is preferred that the intermetallic compound comprises a late transition 
metal. 

[0027] The ceramic is a compound of a metal and a non-metal. The ceramic for the 
structural layers of the present invention is preferably selected from a group comprising: 
metalloid nitride (e.g. SiNx), metalloid oxide (e.g. Si02), metalloid carbide (e.g. SiCx), 
metalloid oxy-nitride (e.g. SiOxNy), metal (and preferably transition metal) nitride (e.g. AlNx, 
TiNx and CrNx), metal oxide (e.g. AlOx) and preferably transition metal (e.g. TiOx, TaOx and 
CrOx), metal (and preferably transition metal) carbide (e.g. TiCx, TaCx and CrCx), metal (and 
preferably transition metal) oxy-nitride (e.g. TiOxNy, TaOxNy and CrOxNy), metal (and 
preferably transition metal) silicon-nitride (e.g. TiSixNy, TaSixNy and CrSixNy), and metal 
(and preferably transition metal) silicon-oxy-nitride (e.g. TiSixOyNz, TaSixOyNz and 
CrSixOyNz). It is further preferred than the metal as a composition of the ceramic is a late 
transition metal, and the ceramic is not WN. The deformable element may also be composed 
of polycrystalline or amorphous or nanocrystalline materials. 

[0028] In order to oxidize the deformable element of the microstructure, the gas source 
connected to the chamber contains oxygen and/or other gaseous agents, such as ozone, water, 
hydrogen peroxide and acetic acid. The gaseous agent(s) can be energized using for example, 
downstream plasma. In particular, oxygen plasma can be introduced for oxidizing the 
deformable element of the microstructure in the chamber. 

[0029] Heater 104 is placed inside the chamber for adjusting the temperature inside the 
chamber. Alternatively, the heater can also be placed externally. In another embodiment of 
the invention, the heater can be built on a package substrate on which the microstructure is 
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held. In yet another embodiment of the invention, rather than providing an external heater 
like heater 104, the oxidation gas is heated to a desired temperature and introduced into 
chamber 100. In still yet another embodiment of the invention, an external energy source, 
such as plasma or ultraviolet light source is provided for adjusting the temperature inside the 
chamber. According to the invention, the temperature inside the chamber for oxidizing 
deformable elements is preferably from 100°C to 500°C, depending upon the pressure inside 
the chamber, the oxidation agent, the materials of the deformable element and the structure of 
the deformable element. 

[0030] As an alternative feature, a pump (not shown) can be provided and connected to the 
chamber for adjusting the pressure inside the chamber. The processing method of the present 
invention can be performed under any suitable pressure. The ability of adjusting the pressure 
inside the chamber can be of more importance when the deformable element is enclosed 
within an assembly having a micro-opening, pressure or pressure cycle is preferably applied 
to the chamber to expedite the oxidation. The high and low chamber pressures are alternately 
applied over time. Consequently, a pressure gradient from the exterior to the interior of the 
assembly provides the efficient exchange of gas between the assembly and the rest of the 
chamber. 

[0031] During the oxidation process within the chamber, the deformable element of the 
microstructure can be at any desired state, such as a natural resting state, an actuated state or 
in switching between different states. As a way of example, the hinge to which a mirror plate 
of a micromirror device is attached is to be oxidized. The oxidization can be performed when 
the mirror plate is fully rotated to an ON or OFF state. The oxidation can also be performed 
when the mirror plate is in an intermediate state between the ON and OFF state or while 
actively switching between the ON and OFF states. 

[0032] The oxidation of a deformable element of the a microstructure may generally last for 
a time period of from 1 femtosecond to 500 terahours or more depending upon many factors, 
such as the environment of the oxidation (e.g. temperature and pressure inside the chamber), 
the material of the deformable element to be oxidized, the structure of the deformable 
element and the oxidation agent employed, which will be discussed in detail afterwards. 
After the oxidization, the electrical resistance of the deformable element is around 2 times or 
higher, or 4 times or higher than the electrical resistance of the deformable element before 
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oxidization. It is also desired to oxidize an amount of material equivalent to 20% or more, or 
40% or more, or 60% or more of the volume within the deformable element. 
[0033] In the following, embodiments of the present invention will be discussed with 
reference to processing a micromirror device. It will be understood by those skilled in the art 
that the following discussion is for demonstration purposes only. It should not be interpreted 
as a limitation. 

[0034] Referring to FIG. 2a, a perspective view of a portion of an exemplary micromirror 
device is illustrated therein. Hinge 110 is formed on glass substrate 106 that is transmissive 
to visible light. Mirror plate 108 is attached to the hinge such that the mirror plate can rotate 
relative to the substrate, which is better illustrated in FIG. 2b. The hinge deforms with the 
rotation of the mirror plate. The mirror plate may comprise multiple layers, such as a 
metallic reflective layer and a light transmissive protecting layer for protecting the inner 
layers of the mirror plate. 

[0035] Referring to FIG. 2b, a side-view of the micromirror device along a diagonal of the 
mirror plate as represented by dashed line AA in FIG. 2a is illustrated therein. Solid line B in 
FIG. 2b represents the natural resting state of the mirror plate. The natural resting state can 
be defined as the OFF state of the micromirror device, in which state the mirror plate of the 
micromirror reflects incident light away from the display target. Dashed line A represents an 
alternative OFF state, in which the mirror plate is rotated to an OFF state angle relative to the 
substrate. The OFF state angle can be of any desired angle, such as an angle of from -0. I*' to 
-8** degrees relative to the substrate. In the OFF state, the mirror plate reflects incident light 
away from the display target to generate a "dark" pixel. Dashed line C represents an ON ^ 
state of the micromirror device, in which state the mirror plate is rotated to an ON state angle 
that can be of any desired angle, such as an angle of from 0 to -1-18° degrees or more. In the 
ON state, the mirror plate reflects incident light onto the display target to generate a "bright" 
pixel. 

[0036] The micromirror device can be of other suitable configurations. For example, a 
mirror plate and hinge can be formed on a semiconductor substrate. Specifically, the hinge is 
formed on a silicon substrate and the mirror plate is formed on hinge. 

[0037] In operation, the mirror plate switches between the ON and OFF states over time in 
response to an electrical field. For example, assuming that the ON state angle is -1-14° degrees 
and that the OFF state angle is 0° degree (the natural resting state), the mirror plate rotates 
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from 0° to +14*^ degrees and from +14*^ degrees to 0° degree over time. This desired rotation 
may not be achieved when the deformable hinge suffers from plastic deformation. As a 
consequence, the mirror plate may not rotate back to 0° degree from +14^ degrees. Instead, 
when the electrical field is removed and the mirror plate is expected to return to the 0° degree 
OFF state angle, the mirror plate will stop at an angle higher than 0° degree. This 
phenomenon is often referred to as "droop". And the angle is often referred to as "droop 
angle". Because the change in the plastic deformation of the deformable hinge exceeds a 
certain amount, the shifts of the OFF state angle will cause an observable change in the 
displayed images. The plastic deformation can be aggravated, and the droop angle can be 
accumulated when the micromirror is operated in an oxidizing environment. An accelerated 
measurement of the droop angle over time is shown in FIG. 3. 

[0038] Referring to FIG. 3, the accelerated measurement is performed for the same 
micromirrors with and without pre-oxidization and with and without hermetic packaging. 
The measurements are performed under the same conditions and with the same procedures. 
The line with open-circle represents the droop angle of the micromirror device that is neither 
hermetically sealed nor oxidized using the method of the present invention. It can be seen 
from the figure that the droop angle monotonically increases over time. In this example, the 
droop angle after 56 hours of the experiment is around 1 .9® degrees. 

[0039] The droop angle can be reduced by hermetic packaging the micromirror device in 
nitrogen, as illustrated by line with solid-circle. The line with solid-circle represents the 
droop angle versus time measure from a micromirror lhat is hermetically packaged but not 
oxidized using the method of the present invention. The droop angles of the plot are 
measured in the same way as the line with open circles. It can be seen from the figure that 
the droop angle also monotonically increases over time. In this example, the droop angle 
after 56 hours of the experiment is around 1.1° degrees. However, the droop angle is much 
less than the micromirror without hermetic packaging (plotted in line with open-circles). 
Specifically, the droop angle of the micromirror inside a hermetic package is reduced by 
around 40 percent after 56 hours of experiment, and reduced by around 40 percent after 1 8 
hours of experiment. 

[0040] The droop angle can be fiirther reduced by oxidizing the deformable hinge of the 
micromirror according to the invention. 
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[0041] In an embodiment of the invention, the deformable hinge of the micromirror is 
oxidized during the packaging stage before hermetically sealing the package. Specifically, 
the micromirror device is attached to a package substrate followed by loading the package 
substrate and the micromirror device attached thereto into the chamber of FIG. 1 in which 
case is preferably an oven. An oxygen-containing gas is then introduced into the chamber for 
oxidizing the deformable hinge. The oxygen-containing gas can be selected from a group 
comprising: ozone, air mixed with water vapor, ozone mixed with vapor water, oxygen mixed 
with water vapor, oxygen plasma, hydrogen peroxide, acetic acid and other suitable gases that 
can oxidize the deformable hinge. The hinge may be composed of an elemental metal, 
metalloid, metal alloy, intermetallic compound or ceramic. The hinge may also be composed 
of polycrystalline or amorphous or nanocrystalline materials. The oxidization can be 
performed at a temperature of from ICQ °C to 500 degrees for a time period of from 2 
minutes to 500 hours or more, such as 50 hours or more, or 100 hours or more or 200 or 
more, or 300 or more. During the oxidization, the mirror plate can be actuated to an angle of 
the ON or OFF state angle or an intermediate angle between the ON state and OFF state 
angle. Alternatively, the mirror plate can be switched between the ON and OFF state angles. 
[0042] During the oxidization, pressure may be applied to the chamber to expedite the 
oxidization. Specifically, the pressure inside the chamber can range from the vapor pressure 
to the condensation pressure of the oxygen-containing gas at the given temperature. In a 
situation that the deformable hinge is enclosed within an assembly having a micro-opening 
around 10 micrometers or less, a pressure cycle is may be applied to the chamber to expedite 
the oxidation. The high and low chamber pressures are alternately applied over time. 
Consequently, a pressure gradient from the exterior to the interior of the assembly provides 
the efficient exchange of gas between the assembly and the rest of the chamber. 
[0043] The line with the open-triangles in FIG. 3 plots the droop angle versus actuation 
time, wherein the micromirror is not hermetically packaged. As plotted in the figure, the 
droop angle is reduced as compared to the droop angles in micromirrors not oxidized using 
the method of the present invention. For example, the droop angle after 56 hours of actuation 
is reduced by around 20 percent, and reduced by around 10 percent after 18 hours of 
actuation compared to the droop angle from the micromirror device that is hermetically 
packaged but is not oxidized using the method of the embodiment. 
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[0044] In order to further reduce the plastic deformation of the deformable hinge, the 
micromirror device can be hermetically packaged. Specifically, the micromirror device is 
hermetically sealed within the package following the oxidization. An inert gas is preferably 
filled within the sealed package. The line with the solid-triangles in FIG. 3 plots the droop 
angle versus experiment time. It can been seen from the plot that the droop angle is further 
reduced as compared to the droop angles in micromirrors that are oxidized using the method 
of the embodiment but is not hermetically packaged. For example, the droop angle after 56 
hours of oxidization is reduced by around 64 percent, and reduced by around 47 percent after 
18 hours of actuation compared to the droop angle from the micromirror device that is not 
hermetically packaged but is oxidized using the method of the embodiment. 
[0045] The oxidization of the invention can also be performed before the packaging stage 
but after the micromirror device is fully released. In this situation, the chamber of FIG. 1 in 
which the oxidization is performed can be the etching chamber in which the micromirror 
device is released by removing the sacrificial materials. According to the embodiment, the 
oxygen-containing gas is introduced into the chamber for oxidizing the deformable hinge 
after the sacrificial materials are fiiUy removed from the micromirror device and pumped out 
from the chamber, f The same or similar oxidization method (e.g. the pressure, time period, 
temperature, oxygen-containing gas and actuation state) for oxidizing the micromirror device 
during the packaging stage can also be applied to oxidize the micromirror device before 
packaging and after the releasing of the micromirror device. 

[0046] In another embodiment of the invention, the oxidization of the present invention can 
be performed during the fabrication of the micromirror device. Specifically, the hinge can be 
oxidized after the deposition of the hinge layer and before or after the patterning of the 
oxidized hinge. The hinge can also be oxidized before or during the removing of the 
sacrificial materials, which will be discussed in detail with reference to FIGs. 4a and 4b, in 
which the micromirror device of FIG. 2a is fabricated. 

[0047] Referring to FIG. 4a, glass substrate 106 that is transmissive to visible light is 
provided. Sacrificial layer 112 is deposited on the substrate followed by deposition and 
patterning of mirror plate layer 108 to form a mirror plate of a desired shape. Sacrificial layer 
114 is then deposited on the mirror plate. The two sacrificial layers are patterned so as to 
form two posts 1 16a and 1 16b and hinge via 116. On the patterned sacrificial layers, hinge 
support layer 1 1 8 is deposited and patterned. 
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[0048] According to an embodiment of the invention, an oxygen-containing gas is 
introduced to oxidize the hinge layer. The oxidization can be performed after the hinge layer 
is deposited and before or after the patterning of the hinge layer. The method can also be 
applied to pre-oxidize a hinge having multiple hinge layers wherein one or more of the hinge 
layers need to be oxidized. In this situation, the oxidization can be performed for each 
individual hinge layers that need to be oxidized. Specifically, oxidization can be performed 
after deposition of such hinge layer and oxidize the hinge layer either before or after 
patterning the hinge layer. After oxidization, other hinge layer(s) can then be formed 
thereon. Alternatively, the oxidization can be performed for some or all of the hinge layers 
that need to be oxidized after these hinge layers are formed. 

[0049] After the oxidization of the hinge support layer, hinge layer 110 is deposited and 

patterned on the oxidized hinge support layer. The oxidization can be performed after the 

hinge layer being deposited and before or after the patterning of the hinge layer. 

[0050] In another embodiment of the invention, the hinge support layer is not oxidized 

before the deposition of the hinge layer. The hinge support layer is patterned and oxidized 

along with the oxidization of the hinge layer either before or after the patterning of the hinge 

layer. 

[0051] After forming the hinge layer, the sacrificial layers are removed for releasing the 
micromirror device. This can be achieved by using selected vapor phase etchant, such as an 
interhalogen (e.g. bromine fluorides), a noble gas halide (e.g. XeFi) or HF or other suitable 
etching methods, such as etching techniques using energized (e.g. plasma) etchants. 
[0052] In yet another embodiment of the invention, the hinge and the hinge support layer 
are oxidized during the release process. Specifically, the oxidization is performed following 
the removal of a portion of the sacrificial layers. It is preferred that after the oxidization, the 
electrical resistance of the hinge is around 2 times or higher, or 4 times or higher than the 
resistance of the hinge before oxidization. 

[0053] In the above discussed examples of the invention, it is preferred that after the 
oxidization, the electrical resistance of the hinge is around 2 times or higher, or 4 times or 
higher than the electrical resistance of the deformable hinge before oxidization. 
Alternatively, it is desired to oxidize an amount of material equivalent to 20% or more, or 
40% or more, or 60% or more of the volume of the hinge. After oxidization, the remaining 
sacrificial layers are totally removed. 
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[0054] In the above discussion, the oxidization is performed during the fabrication of the 
micromirror structure of FIG. 2a. It will be appreciated by those skilled in the art that the 
above discussion is for demonstration purposes only. Instead, the oxidization of the present 
invention can be applied to other microstructures, such as microelectromechanical devices 
having deformable elements. The method of the invention can also be performed during 
fabrication of other type of micromirror devices. For example, the oxidization can be 
performed during fabrication of a microstructure that comprises a semiconductor substrate, a 
hinge formed on the semiconductor substrate and a mirror plate on the hinge and attached to 
the substrate via the hinge. 

[0055] It will be appreciated by those of skill in the art that a new and useful processing 
method for oxidizing a deformable element of a microstructure has been described herein. In 
view of many possible embodiments to which the principles of this invention may be applied, 
however, it should be recognized that the embodiments described herein with respect to the 
drawing figures are meant to be illustrative only and should not be taken as limiting the scope 
of invention. For example, those of skill in the art will recognize that the illustrated 
embodiments can be modified in arrangement and detail without departing from the spirit of 
the invention. Therefore, the invention as described herein contemplates all such 
embodiments as may come within the scope of the following claims and equivalents thereof. 
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